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There is no apparent limit to the size of a molecule for which photoionization can occur. It is 
argued that it is difficult to obtain useful photoionization mass spectra of peptides (above 
- 2000 u), proteins, and oligonucleotides, because of the high internal energy of these polar 
molecules as a result of the desorption event and because vibrationally excited radical 
cations readily fragment. Evidence to support this hypothesis is presented from the 1%nm 
single-photon ionization 61’1) mass spectra of the cyclic decapeptide gramicidin S and of 
fullerencs, from null SPI results with the linear peptides substance P and gramicidin D and 
oligonucleotides, and from a variety of data found in the literature. The literature data 
include mass spectra from jet-cooled peptides, perfluorinated polyethers, collisional ioniza- 
tion of small neutral peptides, and the ultraviolet photoelectron spectroscopy of polymeric 
solids. (1 Am Sot Mass Spcctrom 1995, 6, 883-888) 
M uch been and recent effort in mass spectrometry has directed toward the analysis of peptides proteins [l, 21, DNA [3, 41, and other 
large biopolymers. Successful analytical approaches to 
date have used the direct ionization associated with 
the desorption process, especially with laser desorp- 
tion. In contrast, attempts at photoionization (PI) of 
gaseous biomolecules of large size (2 1000 u) have 
met with only limited success [5-B]. The largest pep- 
tides photoionized reproducibly were < 2000 u using 
jet cooling after laser desorption and before PI [S, 61. 
Recent arguments state that the lack of effective PI 
for larger molecules is due to charge-pair formation 
where recombination dominates over PI [9, 101. This 
has been described in terms such as the large isolated 
molecule acts as its own solvent-the high density ot 
states associated with large molecules. In this paper it 
is proposed that, at least for the case of biomolecular 
oligomers, the inability to observe large photoions is 
not related to the ability to cause photoionization, but 
rather is associated with efficient photofragmentation 
of the radical cation formed. This is not to say that 
there is not a channel where fragmentation occurs that 
leads to only neutral products, but rather that a chan- 
nel with an ionized fragmented product also is sub- 
stantial. 
Peptides are generally highly polar molecules that 
are capable of substantial hydrogen bonding. Except 
for most amino acids and very small peptides, they do 
not desorb intact under slow thermal heating. Desorp- 
lion then requires some rapid process. It is well known 
that for the case of matrix-assisted laser desorption 
(MALD), peptides and proteins show significant de- 
grees of metastable decay that increases with the mass 
of the molecule [ll]. Even for the MALD technique, 
considered currently to be the “gentlest” of all stimu- 
lated desorption techniques in that it permits observa- 
tion of the quasimolecular ions of large proteins and 
DNA oligomers, much energy is required to desorb 
large molecules as evidenced by this metastability. We 
hypothesize that the difficulty in obtaining radical pho- 
toions of these large molecules is due to their increas- 
irz~ inf~mn/ enera per bond (not effectively cooled for 
the larger molecules even by exposure to a supersonic 
jet after desorption) and the lower stability of the radical 
ion, relative to the closed-shell ion, which leads to 
efficient bond cleavage. Evidence in support of this 
hypothesis is presented. 
Experimental Details 
We examined by laser desorption the peptides grami- 
cidin S and D and substance I’, as well as small 
(- 3000 u) single-stranded mixed-base oligonu- 
cleotides, in both direct ionization and laser postion- 
ization modes using time-of-flight mass spectrometry 
(TOF-MS). Desorption was performed with a 5-ns pulse 
width 355-nm laser beam. The molecular weights are 
1141.5 u for the cyclic decapeptide gramicidin S, 1348 
u for the linear peptide substance I’, and 1880 u for the 
linear peptide gramicidin D. Three preparatory meth- 
ods for laser desorption were examined: 
1, Matrix-assisted laser desorption with concomitant 
ionization (MALDT) and also MALD to produce the 
neutral molecules, by using commonly employed 
matrices. 
3. Desorption from the neat compounds (small crystal- 
lites). 
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3. Desorption from a layered arrangement by using an 
anthracene film as a base and then spraying about 2 
FL of a dilute aqueous analyte solution onto the 
horizontally positioned film held at approximately 
-40 “C and then pumping on the sample to subli- 
mate the ice film to attempt to obtain a dispersed 
submonolayer of the analyte (to avoid or minimize 
analyte-analyte interactions). 
Photoionization studies of fullerenes also were per- 
formed. Raw carbon soot prepared in a standard way 
from a carbon arc discharge in an atmosphere of He 
was pressed into In foil. Pulsed 6ns) 1064-nm laser 
desorption and 11%nm photoionization were used. This 
soot had been extracted previously with toluene at 
room temperature to remove significant amounts of 
C,, and other lower mass fullerenes. The data here 
were taken at desorption laser powers (about 10’ 
W/cm’ for 5-ns pulses) b&u? where direct ionization 
was observed, which made synthesis of the higher 
fullerenes by recombination in a high density plume 
very unlikely. This synthesis is unlikely because other 
studies in our laboratory show synthesis in the desorp- 
tion plume, by using, for example, purified C,,, or C,(,, 
that occurs only under laser desorption intensities 
where direct ions are plentiful. 
All experiments were conducted in a stainless steel 
vacuum chamber with a typical operating pressure of 
- 1 x lo-’ torr. In the laser postionization experi- 
ments, neutrals desorbed from the sample were pho- 
toionized by a focused 118-nm laser beam that passed 
approximately 1 mm above and parallel to the sample 
surface. The photoions were analyzed by a reflecting 
time-of-flight (TOF) mass spectrometer and were de- 
tected by a dual microchannel plate assembly. In the 
postionization experiments, reflector potentials were 
adjusted so that all stable secondary ions formed at or 
within micrometers of the surface were transmitted 
through the reflector and, thus, not detected. Alterna- 
tively, positive MALDI TOF-MS spectra were recorded 
after minor adjustments of the mass spectrometer volt- 
ages so that these ions were reflected to the microchan- 
nel plate detector. The two-stage reflecting mass spec- 
trometer was operated with 4keV drift energy, 4-keV 
acceleration over about a 4-mm gap, and approxi- 
mately 2-m effective drift length. 
Results 
MALDI mass spectra of the relatively small peptides 
and oligonucleotides are produced easily and provide 
high signal-to-noise ratios. For example, Figure la 
shows the MALDI spectrum of gramicidin S when 
3-hydroxypicolinic acid (3HPAj was used as a matrix 
[3]. There is negligible fragmentation observed for the 
MALDI spectra under typical operating conditions of 
approximately 10’ W/cm2 irradiance and analyte-to- 
matrix ratios of 1:lOOO to l:lO,OOO. 
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Figure 1. (a) Time-of-flight MALDI mass spectrum of grami- 
cidin S with 3HPA as a matrix at 355 nm with analyte-to-matrix 
ratio of 1:5000. (b) 118nm single-photon ionization TOF mass 
spectrum of gramicidin S desorbed at 355 nm (approximately lo7 
W/cm’ ) from a submonolayer on anthracene. Cc) and Cd) 118-nm 
single-photon ionization TOF mass spectrum of gramicidin S 
desorbed at 355 nm (approximately 10’ W/cm’) from the matri- 
ces 3HPA and DHB, respectively. 
Postionization was performed (or attempted) pri- 
marily by using coherent 11%nm light (10.5-eV phc- 
tons) generated by tripling a second 355-nm laser beam 
in Xe phase matched with Ar. In our experiments, 
parent or large fragment photoion signals could be 
obtained only for gramicidin S and not the other two 
peptides or oligonucleotides. This gramicidin S pho- 
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toion signal could be obtained with any of the three 
preparation techniques; however, fhe layered sample OH 
anthracene provided by far the strongest signals. Figure lb 
shows the spectrum of gramicidin S from the layered 
preparation, whereas Figure lc and d shows the data 
from a MALD preparation with the matrices 3HPA [3] 
and 2,5-dihydroxybenzoic acid (DHB) [12]. The degree 
of photofragmentation in Figure lb, c, and d suggests 
that the desorption fkom the 3HPA produced internally 
cooler gramicidin S molecules than for the anthracene lay- 
ered arrangement which in turn produced cooler molecules 
than for the DHB mafrix. (Note that somewhat higher 
irradiances are necessary for use of 3HPA relative to 
DHB for examination of peptides and proteins, proba- 
bly due to the relative absorptivity of the molecules.) 
This cooler result for 3HPA could be related partially 
to the greater effectiveness of 3HPA versus DHB for 
oligonucleotides [3]. Other recent work from our labo- 
ratory has illustrated for the smaller biomolecules 
tryptophan and serotonin how variation of the desorp- 
tion conditions readily leads to significant changes in 
photoion fragmentation [ 131. 
Although a substantial amount of M .+ photoion 
was observed, Figure lb, c, and d show a series of 
peaks due to the loss of multiples of 14 u. Occasionally 
a small [M + 14]+ ion was observed too. Because only 
minor fragmentation of directly formed ions was ob- 
served for the preparation-desorption conditions, it is 
reasonable to conclude that these [M - n(14)I’ peaks 
result from the 118-nm single-photon ionization. The 
structure of gramicidin S and the continuous series of 
peaks with multiples of 14-u mass loss suggest that 
such fragmentation is mainly related to the isobutyl 
(from leucine) and isopropyl (from valine) side groups. 
It cannot be ruled out, however, that loss of some of 
the peptide backbone occurs; that is, one can construct 
possible fragmentations that involve loss of some of 
the peptide backbone that would produce at least 
some of the observed fragment masses. Note in Figure 
lb and c that the series of mass losses extends to 154 u 
and beyond, which is greater than that associated with 
loss of a single side group, thus suggesting two and 
even three side-group cleavages or two and three bond 
cleavages of the peptide backbone. Clearly, mass loss 
in excess of any single side group shows multiple 
bond scissions-rearrangements. Also note, especially 
in Figure lb and c, the noticably elevated baseline that 
extends to low mass in contrast to the quieter baseline 
above the molecular photoion; this undoubtedly repre- 
sents a metastable dissociative continuum. 
With regard to the fullerenes, it is apparently not 
difficult to observe rather large fullerene molecular 
photoions; see Figure 2. The slow falloff in signal with 
mass in this spectrum easily could be due simply to 
decreasing concentrations with increasing mass and/or 
lower desorption yields with increasing mass. There is 
no obvious rapid falloff in ionization efficiency with 
mass seen in Figure 2. 
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Figure 2. 118-nm single-photon ionization TOF mass spectrum 
of fullerenes from a pre-extracted soot, desorbed with 1064~run 
laser light (approximately lo7 W/cm’). 
Discussion 
Peptides and Oligonucleotides 
The reason photoions of gramicidin S were observed 
and gramicidin D, substance P, or oligonucleotides 
were not may be due to the cyclic nature of the 
gramicidin S molecule. It could be that backbone 
cleavage results for the linear molecules, but not for 
the cyclic peptide because of a greater structural stabil- 
ity for the cyclic compound. Alternatively, if backbone 
cleavage does readily occur even for gramicidin S 
upon photoionization, then a nearly intact molecule 
(modest mass loss by some side group and/or small 
amount of backbone loss) still can be observed, whereas 
for a linear molecule, a wide range of smaller frag- 
ments would result. If many backbone dissociative 
channels are available for the linear peptides, which 
produce ions in the mass range of several hundred 
units and below, then another limitation would be loss 
of viable signal-to-noise ratio because the signal would 
be distributed over many channels. Facile multiple 
backbone cleavage could be a potential explanation for 
the null results for the linear peptides. Facile backbone 
cleavage was observed previously for even the small 
tripeptide Gly-Ala-Leu desorbed from water ice by a 
pulsed CO, laser and ionized by 118-nm light [14]. 
Observations of low mass photoions from grami- 
cidin S and D and substance P were hindered by the 
large amounts of ions associated with the matrix or 
substrate layer and metastable decays that give rise to 
baseline noise. Also problematic for observation of low 
mass peptide fragment ions from these systems was 
their low concentration, which was due to the fact that 
the analyte had to be in very small relative abundance 
to ensure reasonable isolation of the analyte within the 
matrix crystal or on the anthracene layer. Laser desorp- 
tion from crystallites of the neat peptides gives rise to 
easily observed low mass photoion signals. 
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I f  our mass spectral interpretation that side group 
dissociation is prevalent is correct for gramicidin S 
photoions, this makes an interesting comparison with 
tandem mass spectrometry results for [M + H]+ pre- 
cursor ions. In the tandem mass spectrometry results, 
side group elimination is usually associated with kilo- 
electronvolt collision-induced dissociation (CID) and 
not CID at the lower energies (tens of electronvolts) 
associated with triple quadrupole instruments [ 151. 
Also, recent work with surface-induced dissociation 
(SID) shows these side group losses at lower (20-90-eV1 
energies [16]. Of course SID is expected to deposit 
energy considerably more efficiently than CID for a 
given impact energy. However, this comparison with 
CID and SID only can be suggestive of very large 
internal energies in these molecules after desorption 
because different (odd versus even electron) precur 
sors are involved for the photoionization experiments 
and the CID/SID experiments. 
is curious why the photoionization of such large clus- 
ters was not considered in the discussions [9, 101 that 
suggested that large molecules do not ionize effi- 
ciently. 
The Case of Perfluovinated Polyethers 
Recently, Anex et al. [20] reported on the laser desorp- 
tion and laser postionization of large perfluorinated 
polyethers. In those experiments pulsed jet entrain- 
ment for cooling was employed and the oligomers 
were functionalixed with a phenyl end group. Multi- 
photon ionization that included the wavelength 193 
nm was used. The time-of-flight mass spectra were 
dominated by parent masses and extended to 7000 u. If  
the theory that larger molecules do not ionize due to 
competition from charge recombination is correct, then 
one must ask why these larger molecules are seen 
easily. Is it the fact that the chromophore group is at 
the end of the molecule? Should not some of the 
single-photon ionization for linear peptides and oligo- 
nucleotides, which are considerably smaller in size, 
occur for electron orbitals located near the chain end? 
Is it something about an aromatic side group? Note 
that the MPI of linear peptides also utilize naturally 
occurring aromatic side groups [5-7, 191. 
Perhaps a more important analogy is to the related 
recent work on the collisional ionization of neutral-gas 
phase peptides [17, 181. For modest sized peptides 
(still below 1000 u) [18], a four-sector tandem mass 
spectrometer was modified with two collision cells to 
conduct neutralization-reionization mass spectrometry. 
A conclusion was reached [18] that radical molecular 
ions are generally not formed and the observed frag- 
ment ions tend to be of relativelv low mass (extensive 
fragmentation). 
The Efect of Cooling by Errtminrnent in a 
Supersonic Jet 
Although we observed no photoion signals from these 
linear peptides between 1300 and 2000 u, other experi- 
menters, who used a pulsed supersonic jet to cool the 
laser-desorbed peptides, have observed photoion sig- 
nals for peptides up to about 2000 u [5-7, 191, includ- 
ing gramicidin D [7, 191. In these cases, multiphoton 
ionization (MI’11 was used with ultraviolet wave- 
lengths, specifically 255 and 270 nm in refs 7 and 19, 
respectively. The obvious conclusion is that the cooling 
of internal degrees of freedom is responsible for the 
positive results with the supersonic jet, although there 
also could be a wavelength effect involved because 
two photons at 255 or 270 nm represent less energy 
than a 118-nm photon. The negative results for pep- 
tides larger than about 2000 u could be due to greater 
initial internal energy per bond and/or less efficient 
cooling that results in increased decomposition during 
photoionization. Also, as the desorption yield for pep- 
tides and other large biomolecules decreases with mass, 
at some point it could be just a matter of decreasing 
signal-to-noise ratios below the detection limit; this 
point should not be overlooked. 
It is interesting to note that clusters of gramicidin D 
have been observed in some supersonic jet laser post- 
ionization experiments, with an observation of up to 
eight gramicidin D molecules tlS,O30 LI) [ 191. In fact, it 
A more obvious answer is that the perfluorinated 
polyethers, unlike peptides, are not very polar and 
have no hydrogen bond donating groups (OH or NH). 
Thus the binding energy of the polyethers to the sur- 
face will be much lower and desorption will occur for 
considerably lower energy input for a given molecular 
weight. Thus it is likely that, in turn, the internal 
energy for a given molecular weight will be much 
lower for the polyether than the peptide or oligonu- 
cleotide, and this would translate into greater stability 
for the polyethtr for a given molecular weight, or 
alternatively, a higher molecular weight range accessi- 
ble for the perfluorinated polyether, as observed. 
The Case of Fullerene Photoionization 
The electronic and geometric structure of the fullerenes 
such as C,, obviously are much different than for 
peptides or other nonconjugated linear oligomers, al- 
though the discussion in ref 10 that describes non- 
prompt photoionization does not emphasize distinc- 
tions in molecular structure. Nonprompt electron 
emission for multiphoton ionization of fullerenes has 
been observed [21-231. Intersystem crossing and/or 
internal conversion rates become very fast with in- 
creasing temperature for C,,, and fluorescence report- 
edlv disappears above just 350 K [24]. Multiphoton 
ionjzation with nanosecond-long pulses thus results in 
a great deal of vibrational energy deposited in the 
molecule, and the ionization takes on, at least in part 
[23], a thermionic character. However, in contrast, sin- 
gle-photon ionization at 118 nm shows only prompt 
emission [21]. Furthermore, our results (Figure 2) show 
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no rapid falloff in ionization efficiency in contrast to 
the peptide parent photoions of Figure 2 of ref 9 or 
Figure 2 of ref 10. 
The Case of High Molecular Weight Solid-State 
Polymers 
So far we have discussed only the ionization of gas- 
phase oligomers. However, when the issue of pho- 
toionization probabilities of oligomers and even very 
high molecular weight polymers (with molecular 
weights of 10’ to 10h LI) is considered, there really is 
no reason not to evaluate the situation for solid molec- 
ular samples. Substantial research has been conducted 
to date in the surface chemical analysis of bulk poly- 
mers by ultraviolet photoelectron spectroscopy (UPS) 
and x-ray photoelectron spectroscopy (XI%) at the 
solid-vacuum interface. Because at high energies the 
molecular density of states decreases and it has been 
argued that one can expect, therefore, at higher photon 
energies less chance for electron transfer into a state 
leading to charge recombination [9, IO], we consider in 
particular the lower energy range of UPS, even though 
most polymer analysis is typically performed by XPS. 
If there is difficulty in photoionization of polymeric 
systems due to a negligible cross section, it should be 
most apparent in the lower energy range of UPS. In 
UPS, use of a He discharge lamp that gives light at 
21.2 eV (He I emission) is common, although there are 
also bulk polymer studies that used Ne (16.8-eV pho- 
tons) or Ar (11.7-eV photons) discharge lamps (see, 
e.g., 125, 2611, and monochromaticized light down to 9 
eV [27]. Although we are not aware of any particular 
study that examined secondary electron yield versus 
molecular weight, no difficulty in obtaining photoelec- 
tron spectra has been reported for the UPS of bulk 
polymers, for which there is an extensive literature; for 
a review, see ref 28. 
Conclusions 
We conclude that there is insufficient experimental 
evidence to support the theory [9, lo] that large mol- 
ecules do not photoionize. We have presented a num- 
ber of contrary examples and discussions to this effect. 
Difficulty in observing intact molecular ions of large 
peptides or other polar oligomers by mass spectrome- 
try appears to be due to enhanced fragmentation of the 
radical cation as a result of the increasing molecular 
internal energy per bond after laser desorption, 
whether or not a matrix is used or a cooling jet is 
employed in an attempt to minimize this internal exci- 
tation. 
Time-of-flight single-photon ionization (SPI) mass 
spectra of gramicidin 5 show substantial fragmentation 
but with fragment ions relatively near in mass to the 
parent ion due to the particular stability of the cyclic 
structure. Null results were obtained for molecular 
photoions of gramicidin D, substance P, and oligonu- 
cleotides-molecules only slightly more massive than 
gramicidin S. Results from the literature where jet 
cooling was used show that somewhat larger peptides 
( <1 2000 u> can be photoionized intact; these peptides 
include large clusters of gramicidin D that extend to 
15,040 u. Time-of-flight mass spectra of perfluorinated 
polyethers [20] extend to much higher masses than do 
peptides for similar experimental conditions which re- 
flect the higher surface-bulk binding energies of the 
peptides with their significant polarities and hydrogen 
bonding. These higher binding energies can be ex- 
pected to translate into higher internal energies per 
bond after desorption and thus lower stabilities for the 
peptide molecular radical cation. Radical molecular 
cations thus appear inherently much less stable than 
the electronically closed-shell protonated species com- 
mon in MALDI, which is also in agreement with recent 
collisional ionization of neutral gas-phase peptides [ 181. 
Furthermore, SPI of laser-desorbed neutral 
fullerenes shows a mass distribution that extends be- 
yond 2000 u with no evidence of rapid falloff in parent 
photoion yield. Finally, the literature shows that UPS 
spectra of very large molecular weight organic poly- 
mer solids are routinely obtained and also show no 
diminution in ionization efficiency as molecular size 
increases. Therefore, it is concluded that large mol- 
ecules can photoionize efficiently, but the limitation for 
photoionization of gas-phase biomolecular oligomers is 
fragmentation, which is greatly enhanced by the con- 
siderable internal energy associated with the desorp- 
tion techniques studied to date. 
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